Effects of nutritional conditions and insertion direction of the tryptophan synthase (TSase) gene into a plasmid vector on the plasmid stability and the production of TSase in high cell concentration cultures were examined using recombinant Escherichia coli (E. coli K12 IFO 3301) harboring pBR322trpAB(l) (the TSase gene was inserted at the EcoRl site of pBR322 in the clockwise direction) and \}BR322trpA B(2) (counterclockwise direction). As to the effects of the insertion direction, the cells harboring pBR322trpAB(2) were slightly lower in the growth rate and the plasmid stability than those harboring \>BR322trpAB(l). However, the former was higher in the productivity of TSase and the final cell concentration attained than the latter. On the other hand, the addition of organic nutrients, especially yeast extract, to TK-25 mediumwas very effective to improve the plasmid stability. Among the components of yeast extract, L-glutamic acid was found to be effective to improve both the plasmid stability and the production of TSase. When 1 g/1 of L-glutamic acid was added to TK-25 medium, a mineral synthetic medium developed for a high concentration culture, 1 15 g (dry basis)/! of recombinant cells were obtained in 14hr and the expression of TSase was maintained at 240-300 U/mg^protein during the cultivation.
In a previous paper,1} we reported on the cultivation of Escherichia coli cells at very high concentrations.
About 135g (dry basis)/! of wild type E. coli K12 cells and 102g/1 of recombinant cells into which the tryptophan synthase (TSase) gene was introduced, were obtained using a newly designed high con- centration synthetic medium (TK-25).
In this study, therefore, the effects of in-
In the cultivation ofrecombinant E. coli into which plasmids are introduced as a vector, the loss of plasmids from the growing cells in the course of cultivation has generally been a serious problem. For the industrial cultivation of recombinant cells from the seed culture to the large commercial scale, it is required that the plasmid be stable for more than 25 generations, as described by Imanaka and Aiba.2) On the other hand, when a cloned gene is inserted into one restriction site of a plasmid, two insertion directions, clockwise and counterclockwise, exist. It is very probable that the serti.on directions on cellular growth and the production of TSase have been investigated using two recombinant cells harboring the plasmid having the TSase gene inserted in clockwise, and counterclockwise directions. The effects of mediumcomposition on the plasmid stability of both recombinant cells were also examined. Based on the results obtained, a modification of TK-25 medium is proposed to improve the productivity of TSase as well as the plasmid stability.
Materials and Methods
Bacterial strain and plasmids. Escherichia coli K 12 IFO 3301 (F~) was used as the host. This strain has no nutritional requirement as a genetic marker. The recombinant plasmids used are shown in Fig. 1 . Plasmid pBR322/r/?,4£(l) was constructed by inserting the trp promoter and the TSase genes (trpA and trpE) derived from E. coli K12 into the EcoRI site of pBR322 in a clockwise direction, and pBR322 /r/?,4i? (2) was constructed by inserting the genes in a counterclockwise direction. During the cultivation, the temperature was maintained at 37°C, pH was controlled at 7.0 with 15n aqueous ammonium hydroxide, and DO was controlled at 6.5ppm. The glucose concentrations were maintained in the range of l-20 g/l by feeding glucose powder intermittently as described in our previous paper.0
Analytical methods. The cell concentration was measured by the optical density of the culture broth at 660nm
and also by the dried cell weight per unit volume. The glucose concentration was measured by a modified Somogyi method7) and Glucose Pretest (Wako Pure Chemical Industries Co., Ltd.), as the occasion demanded. Amino acid contents in yeast extract were analyzed by high performance liquid chromatography (Dionex D502 type, Dionex Co., Ltd.).
The plasmid stability was measured by counting the ampicillin-resistant cells and by measuring the specific activity of TSase as a cloned gene product during the cultivation, as described in our previous paper.1' f>-Lactamase activity was assayed by the method of Sargent.8) Results and Discussion
Growth and expression of cloned gene product
Cultivations of recombinant E. coli harboring^BK^22trpAB{\) (tentatively named E-AB1) and^BR322trpAB{2) (E-AB2) were done under the conditions described in Materials and Methods in the absence of antibiotics (ampicillin and tetracycline). In the case of E-AB1into which the TSase gene was inserted in the clockwise direction, as shown in Fig. 2 , the cellular growth reached 102g/1 in 9 hr, and the TSase was constantly produced at a level of around 150-160 U/mg-protein during the cultivation. In contrast, in the case ofE-AB2 into which the TSase gene was inserted in the counterclockwise direction, the growth rate was lower than that of E-AB1, but the final cell concentration reached 123 g/1 in 16 hr. The specific activity of TSase was 270 U/mg-protein at the initial stage, but gradually decreased to 170U/mg-protein at the end of cultivation. The reason why the specific activity ofTSase in E-AB2 was higher than that in E-AB1 may be that the transcriptional efficiency from the trp promoter in E-AB2 may be higher than that in E-AB1, because the trp promoter in pBR322 /r/?,4i? (2) is very close to the tet promoter compared with the distance between the bla promoter and trp promoter in pBR322 fr/?Afi(l).
On the other hand, such a transcriptional readthrough from the trp promoter into the replication region as in the case of pBR322 /r/?,4i?(l) may result in a decrease of copy number, as described by Stueber and Bujard.9) The specific activity of /Mactamase, which had been reported to have a linear correlation with the number of gene copies,10* of E-AB1 was 34U/mg-protein, while that of E-AB2 was 52. These suggest that the copy number in E-AB1 was less than that in E-AB2. The above results indicate that the insertion direction of a cloned gene markedly affects the cellular growth and the expression of the cloned gene product. Also, in this experiment, E-AB2was found to be much better than E-AB1 for the production of TSase, if any decrease in the specific activity of TSase at the later stage of cultivation could be avoided. shows the plasmid stabilities ofE-AB1 and EAB2on various well-known media for E. coli, such as LB,6) Gray-Tatum,U) Davis,12) and M96) medium.
Plasmid stabilities of both cultures were in the order of LB, Gray-Tatum, Davis, and M9, indicating that the plasmid stability depended on the composition of the culture medium. Especially, plasmids were much more stable on LB mediumcontaining organic nutrients such as yeast extract and Bacto-Trypton than on the other synthetic media free from such organic nutrients.
Skogman et al.3) reported a different result using a recombinant E. coli into which the trp operon was introduced with pBR322 as a vector. That is, the plasmid was more stable in an organic nutrient medium than in an inorganic synthetic mediumwhen the operon was inserted in the clockwise direction, but vice versa whenthe direction of the operon was counterclockwise. Their finding is not directly comparable with our result, since they inserted the trp operon into the Eco RIHindlll site where there is a nucleotide sequence affecting the stability of pBR322, as reported by Kolot et al'}3)
The above results indicate that the plasmid stabilities of E-AB1 and E-AB2 should be improved for a scale-up of the high cell concentration culture on TK-25 medium. It also suggested that the addition of organic nutrients to TK-25 medium may make the plasmid more stable.
Improvement ofplasmid stability by the presence of organic nutrients Figure 4 shows the ratios of ampicillinresistant cells to the total living cells after 23 generations of growth on TK-25supplemented with organic nutrients such as yeast extract, Bacto-Trypton, or beef extract. Yeast extract improved the plasmid stabilities best in cultures of both E-AB1 and E-AB2, though the concentrations required for obtaining more than 95% stabilities were 500mg/l for E-AB2 and 20mg/l for E-AB1. Beef extract was as effective as yeast extract in the case of E-AB2, but much less so for E-AB1. Bacto-Trypton was less effective in both cultures. O, yeast extract; A, Bacto-Trypton; å¡, beef extract.
Effects of addition of amino acids on plasmid stability Although the addition of yeast extract to TK-25 medium is very effective in improving the plasmid stability, the expression of TSase will be repressed by tryptophan contained in the yeast extract if yeast extract itself is added to the medium. Therefore, the components in yeast extract improving the plasmid stability were examined.
Vitamins and nucleic acids, two of the three major components of yeast extract, were found to have no influence on the plasmid stability. Onthe other hand, amino acids, another major component of yeast extract, as shown in Table I , markedly affected the plasmid stabilities after 20-30 generations of growth on TK-25 medium when each of them was added to TK-25 medium at the concentration of 1 g/1. Among all the amino acids tested, cystine, proline, threonine, and glutamic acid were very effective in improving the plasmid stabilities of both E-AB1 and E-AB2, though E-623 AB2 was generally less stable than E-AB1.
It is notable that leucine, valine, and methionine inhibited cell growth. As to the inhibitory effect of leucine, Mizutani et al.l4r) reported that the growth of E. coli C600 was decreased to two thirds by the presence of 1 g/1 of leucine. The growth inhibition by valine may be due to the feedback inhibition of acetohydroxy acid synthase in the branchedchain amino acid synthesis. 15) Effects of addition of amino acids on TSase production by E-AB2 As described above, E-AB2 was much better than E-AB1 for the production of TSase and some of amino acids were effective in improving the plasmid stability required to scale up the cultivation of E-AB2 to the industrial scale.
Some amino acids may also improve cell growth and TSase production. Therefore,* the effects ofamino acids were examined under the conditions for high cell concentration cul- One gram per liter of each amino acid was added to TK-25 medium. ture.
!) The amino acids tested were cystine, proline, glutamic acid, threonine, glycine, and tyrosine, in the presence of which the stability of E-AB2 was higher than 50%. Tryptophan was excluded, because the expression of TSase was expected to be repressed. Among the above amino acids, glutamic acid was the most effective to improve the TSase production and the cellular growth. Figure 5 shows the results of cultivation of E-AB2 on TK-25 medium supplemented with 1 g/1 of glutamic acid. The cellular growth reached 115g/1 in 14hr. The specific activity of TSase was maintained at 240-300 U/mg-protein during the cultivation and 1.45 x 107 U/l ofTSase were accumulated. In the absence of glutamic acid, as shown in Fig. 2 , the specific activity of TSase gradually decreased at the later stage of cultivation and the amounts of TSase accumulated was 1 .09x 107U/l.
The above suggests that a high concentration culture of recombinant E. coli with stable expression of TSase can be done using TK-25 medium supplemented with 1 g/1 of glutamic acid.
